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Abstract
There is a great interest in the development of renewable energies and more particularly in solar energy. This study 
arises in midst of construction of the first integrated solar combined cycle system (ISCCS) in Algeria. In the present
work, an integrated plant with simple pressure level is proposed and the preferred method for converting solar energy 
into electricity is applied. Thermal efficiency, electricity production and net solar electricity are the main parameters 
to evaluate the instantaneous performance of each component of the solar power station through a year. The 
simulation results show that the power plant can provide about 134MW with efficiency equals 57.5% at night. At 
daytime, the net solar electricity ratio can be very interested and reach the limit of 15% at the design point. As a 
result, the output from and the efficiency of the ISCCS will be above the combined cycle regime by 17 and 16.5%, 
which are correspond to 157MW and 67%, respectively. Increasing of steam turbine capacity by 50% at the design 
point is other advantage of the proposed design.
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Nomenclature
A area, m2
Cp           heat capacity,  J/kg. K
D            fuel mass flow rate, kg/sec
DNI        direct normal irradiation, W/m2
fcv          fuel calorific value, MJ/kg.
GT        gas turbine unit
MEDGREEN 2011-LB
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
186  Omar Behar et al. / Energy Procedia 6 (2011) 185–193
HRSG     heat recovery steam generator 
HTF        KHDWWUDQVIHUÀXLG 
I              extraterrestrial radiation, W/m2 
ISCCS     integrated solar combined cycle system 
m             heat transfer fluid PDVVÀRZUDWHNJVHF 
N             number of collectors 
Q             useful energy, MW 
SSG        solar steam generator 
ST           steam turbine unit 
T             temperature, K 
U             heat transfer coefficient, W/m2.K 
W            electricity production, MW 
 
Greek symbols 
.ș)        LQFLGHQFHDQJOHPRGL¿HU 
Ĳ              atmospheric transmittance for direct radiation 
ı              net solar electricity ratio, % 
Į              zenith angle, Degree 
ș              angle of incidence, Degree 
ȘHIILFLHQF\ 
 
Subscripts 
a              ambient 
abs          absorber 
c              collector 
f              Àuid 
i              inlet  
o             optical, outlet 
SF           solar field 
s              solar 
 
1. Introduction 
 
   Concentrating solar technologies has been used for more than 200 years. Records date as far back as 
1774 for attempts WRKDUQHVVWKHVXQ¶VHQHUJ\IRUSRZHUJHQHUDWLRQ7KHILUVWGRFXPHQWHGDWWHPSWLVWKDW
of the French chemist Lavoisier and Joseph Priestley when they developed the theory of combustion by 
concentrating the rays of the sun on a test tube for gas collection [1]. About a century later, in 1878, a 
VPDOOVRODUSRZHUSODQWZDVH[KLELWHGDWWKH:RUOG¶V)DLU LQ3DULV7KLVVRODUSRZHUSODQWFRQVLVWHGRID
parabolic reflector that focused sunlight onto a steam boiler located at the focus, thus producing steam 
that was used to operate a small reciprocating steam engine for running a printing press [2]. Then, interest 
in solar power fell off due to advances in internal combustion engines and the increasing availability of 
low cost oil in the early 1900s. In the 1960s, with the focus on photovoltaic for the space program, 
interest in solar energy began to arise again.  
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   ,WZDVQ¶WXQWLOWKHRLOHPEDUJRLQWKDWLQWHUHVWZDVRQFHDJDLQVSDUNHGDQGUHVHDUFKEHJDQWRWDNH
place for development of large solar thermal power plants [1]. Between 1984 and 1990, a total of nine 
solar electric generating systems (SEGS) were built in the southern California desert. Each plant used 
parabolic trough solar field to heat up a heat transfer fluid (HTF), thermal energy in the HTF was used to 
generate steam, and the steam drove a conventional Rankine cycle power plant.  
 
   Latest technological progress opens interesting prospects for advanced concepts such as integrated solar 
combined cycle system (ISCCS). This integrated plant was initially proposed by Luz Solar International 
since the early 1990s, as a mean of integrating a parabolic trough solar field with combined cycle power 
plant [3]. However, for a variety of economic reasons, no new parabolic trough power plants have been 
built from 1990 to 2000. Due to the decision of the Global Environment Facility, in 2000, to provide 
grants for four ISCCS in India, Egypt, Morocco and Mexico, interest in this kind of power stations 
increased again [4].  
    
   The ISCCS represents both economically and energetically a promising alternative for the conversion of 
solar energy while offering a guarantee of a minimum power supply independent of the level of solar 
radiation. Its performance are, however, strongly dependent on the intensity of the solar input and of the 
method of transferring solar energy into the combined cycle. In this kind of power plants, the most 
efficient method for converting solar thermal energy to electric energy is to withdraw feed water from the 
heat recovery steam generator (HRSG) downstream of economizer, produce high pressure saturated steam 
using solar energy, and return the steam to the HRSG for superheating by the gas turbine exhaust. 
   In the aim of optimizing the ISCCS performance, several configurations, component design and system 
operation are proposed by [5, 6, 7], using a quasi stationary approach based on pinch technology. They 
found that, the minimum pinch point cannot be kept and the heat exergy losses are higher with solar 
energy input.    
   
 The thermo economical criteria (performance/ cost) of such integrated power station is considerably 
more complex than for conventional plant because the integrated plant must take into account the 
variations in solar energy availability through a year [8]. Therefore, it is essential to use annual 
performance calculations for ISCCS plant analysis.                   
 
   This study arises in midst of construction of solar generation projects in Algeria. Indeed, there are no 
less than five projects that are underway or in the planning. The aim of this study is to simulate the 
LQVWDQWDQHRXVSHUIRUPDQFHRIWKHILUVW,6&&6LQ$OJHULDXQGHU+DVVL5¶PHOFOLPDWLFFRQGLWLRQVZKLFKLV
in progress. In this work, an integrated plant with simple pressure level is proposed. During sunny 
periods, the energy conversion of the exhaust gas in the steam turbine is improved by using solar steam 
generator (SSG) in parallel with HRSGs. The advantages of this advanced plant are presented 
 
2. Integrated solar combined cycle system: 
 
2.1. Power plant design 
 
   The ISCCS underway LQ WKH GHVHUW RI+DVVL 5¶0HO FRQVLVWV RI WZR JDV WXUELQH XQLWHV RI 0: D
steam turbine unit with a maximum capacity of 80 MW and a solar field of 183120 m2. Its capacity was 
estimated to be about 150 MW.  
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   As shown in figure 1, the proposed plant, in this study, basically consists of: 
x The solar field is comprised of 56 loops and for each loop, 6 collectors from type of LS-3 which are 
single axis tracking and aligned on a north south line, thus tracking the sun from east to west. The 
specifications of LS-3 collector and the solar field operation parameters is presented is table 1 and 2 
respectively.  
x Two gas turbine units to provide a necessary flexibility in the operation when solar energy is not 
available. 
x A steam turbine unit and tow heat recovery steam generators in parallel with a solar steam generator.  
 The fuel is natural gas; a design stack temperature of 130°C is selected to recover as much energy from 
the turbine exhaust as possible. The site selected for the study has an elevation of 772 m. 
 
                              
Figure 1: Integrated solar combined cyle system schematic diagram. 
 
2.2. Operation strategy: 
 
   The power plant can work in three modes: Integrated solar combined cycle mode at solar hours (even 
with one gas turbine), conventional combined cycle mode at non solar hours and gas turbine mode when 
the steam turbine is not functioning. 
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   In the operation strategy, the increased solar thermal energy provides an increase in the steam mass 
flow of the Rankine cycle. From a thermodynamic point of view, the solar heat input should be used for 
the replacement of latent heat and at the highest possible temperature level. The temperature of the heat 
transfer fluid HTF is limited to 393°C to avoid decomposition; therefore, nominal solar steam 
temperature of about 372°C are selected. During sunny periods, the main HTF circulation pump is 
operated and the system is heated up by solar energy. Water-steam valves between SSG and HRSGs are 
kept closed until the HTF has reached to its normal working temperature. Ones the HTF system reaches 
the start up temperature of the solar steam generator, the feed water control valve of this latter is opened.  
At this time, some feed water is withdrawn from the heat recovery steam generator converted to saturated 
steam in the SSG. This saturated steam is returned to the HRSGs where it is superheated. At night and 
during cloudy periods the power plant operates as a combined cycle. 
Table1. Solar collector specifications [10] 
Parameters Values  
Aperture Area (m2) 545  
Concentration Ratio  82  
Optical Efficiency (%) 
Aperture (m) 
Length (m) 
0.80 
5.76 
99 
 
 
Table2. Solar field operation parameters 
Parameters Values  
Number of collectors in each row 6  
Number of lines 56  
HTF inlet temperature (°C) 
HTF outlet temperature (°C) 
Solar field area (m2) 
290 
393 
183120 
 
 
3. Mathematical analysis: 
 
3.1. Solar field analysis: 
 
   The solar field is made up of a numerous parabolic trough collectors. The useful energy gained by each 
collector can be given as a function of absorber temperature:  
 
 cos( ) ( )Q A DNI K A U T Tc c o abs abs abs aT K T                                                                                                 (1)               
 
   The adopted methodology to estimate the direct solar irradiation intensity is the Hottel method. [9] 
 
 DNI = Ĳ , FRV D                                                                                                                                                (2) 
 
   The total useful energy gained by the heat transfer fluid in the solar field is: 
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.Q N QSF c c                                                                                                                                                 (3) 
 
   In the operation strategy, the inlet and outlet temperatures of HTF are set invariable. In this case, the 
mass flow is: 
 
/ [ .( )]m Q Cp T TSF f fo fi                                                                                                                              (4) 
 
   Overall efficiency of the solar field is: 
 
/ ( . . )Q DNI A NSF SF c cK                                                                                                                                (5) 
 
3.2: ISCCS analysis  
 
   The most important factors to evaluate the ISCCS are the electricity production and the efficiency. The 
electricity production of the plant is best determined by calculating the instantaneous outputs of the gas 
turbines and steam turbine, and summing the results.  
 
2.W W WISCCS GT ST                                                                                                                                    (6) 
 
   The efficiency is then can be calculated: 
 
/ ( . )W D fcvISCCS ISCCSK                                                                                                                               (7) 
 
   The net solar electricity is the difference of the steam turbine outputs between sunny and night periods. 
Therefore, solar electricity ratio is: 
 
/W Ws ISCCSV                                                                                                                                             (8) 
 
4. Simulation and results: 
 
4.1. The solar field: 
 
   In order to evaluate the instantaneous performance of the solar field, it is necessary to estimate the solar 
radiation intensity from sunrise to sunset. The DNI, of course, depends on the local weather conditions at 
the site where the power plant is built.  
   In the operation strategy, the inlet and outlet temperatures of the heat transfer fluid remained constant 
and equal 290, 393 °C respectively. The following figures (2, 3, 4 and 5) show the solar field performance 
for the representative days of four different months. These months are chosen to illustrate the solar field 
performance at different seasons of the year. The selected days are 21st March, 21st June, 21st September 
and the 21st December. The HTF mass flow rate, the thermal efficiency and solar field output increase 
according to the increase in solar radiation from sunrise till sunset of each day, where the operation 
duration varies for each day. The amount of solar field output during the summer is greater than for the 
other seasons due to the higher solar radiation intensity and longer solar radiation duration. The period of 
peak solar field output generally occurs between 10a.m to 16p.m of each day. In summer, the solar 
thermal energy is about 130 MW at midday. At this time, the HTF mass flow is in the order of 500 Kg/s. 
As a result, the solar field efficiency reaches 0.80. 
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Figure 2: Direct normal irradiation at the four selected days. Figure 3: Solar field output at the four selected days. 
 
Figure 4: HTF mass flow at the four selected days. Figure 5: Solar Field Efficiency at the four selected days. 
 
4.2. The ISCCS: 
 
   The following figures illustrate the performance of the integrated plant on representative days of four 
different months. These days are chosen to illustrate the ISCCS performance at different seasons of the 
year. The selected days are 21st March, 21st June, 21st September and the 21st December. Figure 6 and 7 
show the electricity production and the efficiency of the power plant. The output for the CC operation is 
134 MW. This amount is the electricity generation at night time. From sunrise to sunset the amount of 
electricity varies according to the solar radiation intensity variation.  
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   The ISCCS efficiency is the best factor for evaluating the performance. Looking at figure 7 exclusively, 
it can be observed that the efficiency at night is equals to 57.5%. This confirms the optimization of the 
combined cycle with one pressure level which is proposed. When the power plant operates within solar 
input, the overall net efficiency will be higher than the efficiency at night. The highest value 67% is 
reached in summer when DNI reaches its highest point. The total generated energy during summer is 
greater than for the other seasons due to the higher solar radiation intensity and longer solar radiation 
duration. Therefore, the ISCCS output can reach the point of 157 MW. The solar field increase improves 
the output of the steam turbine where the gas turbine fuel consumption remains constant. As a result of 
this improvement, the output of the ISCCS operation is improved.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: ISCCS output at the four selected days. Figure 7: ISCCS Efficiency at the four selected days. 
 
 
Figure 8: Solar Electricity at the four selected days. Figure 9: net solar electricity ratio at the four selected days. 
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The solar electricity and its ratio vary from sunrise to sunset according to the solar radiation fluctuation. 
The net electrical solar fraction, as shown in figure 9, is higher at midday and in summer. The values for 
this fraction are based on the difference in electrical output of the ISSCS mode and CC mode. It can be 
reach the limit of 15% in summer.   
 
 
5. Conclusion: 
 
   The performance of the first integrated solar combined cycle system in Algeria unGHU +DVVL 5¶PHO
climatic conditions is presented. The simulation results show that the power plant responses sensibly to 
solar energy, where the electricity output increases accordingly to the solar radiation increase. The net 
solar electricity ratio can be very interested and reach the limit of 15%.  
   The advantage of this advanced power station results in electricity increase by 17% without burning any 
extra fossil fuel in the HRSG even in the gas turbines. The CC regime operation provides about 134MW 
at night. At daytime, solar energy can be converted to electricity with efficiency higher than at combined 
cycle mode because of the most efficient method for converting solar thermal energy to electric energy 
which is proposed in this study. Consequently, the ISCCS operation mode raises the plant capacity to 157 
MW and the efficiency to 67% at the design point. Increasing the steam turbine capacity of conventional 
combined cycle by a half at the design point is other advantage of the integrated plant. 
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